In order to get accurate measurements of air entrainment in a suction sump, we design a new and simple conductance-type electric bubble sensor, which can detect the existence of air bubbles inside a suction pipe with no disturbances by the sensor probe and with a fine spatial resolution. We focus on occurrence-time ratio γ of the air entrainment, and compare the result by the present sensor with those by conventional two methods; namely, visual and auditory ones. As a result, we show the criteria which specify lower-accuracy conditions in the conventional methods.
Introduction
In power generation plants, irrigations, drainages and so on, we have increasingly required the innovations in suction-sump designs for low cost, compact size and high efficiency. In such situations, air entrainments into suction pipes have become to appear more frequently. The air entrainments often induce vibration, noise and low efficiency, and sometimes result in pumps' collapses at the worst.
In the present study, our purpose is to get accurate measurements of the air entrainment into a suction pipe inserted vertically down in a suction sump, which is called as the "vertical wet-pit pump" configuration or the "vertical-suspended wet-well pump" configuration. Concerning the air entrainment in such a suction sump, there have been several studies (see references (1) - (3) ). Recently, in order to reveal the air-entrainment mechanism, the authors have conducted flow-velocity measurements by a UDM (Ultrasonic Doppler Method), and shown three-dimensional time-mean velocity distributions and equi-vorticity contours. (4) Until now, we have usually judged the air-entrainment occurrence by means of a visually-based method (hereinafter, referred to as a visual method). This conventional method has been used prevailingly, because of its practicability and simplicity. However, as this visual method inherently means just the observation of free surfaces, we do not identify the air entrainment itself (will be described later). Then, we should require an accurate assessment on the visual method.
So, we design a new and simple conductance-type electric bubble sensor, which can detect the existence of air bubbles inside a suction pipe with no disturbances by sensor probes and with a fine spatial resolution. We focus upon occurrence-time ratio of the air entrainment, and compare the result by the bubble sensor with those by conventional two methods; namely, the visual and auditory ones. The auditory method is an auditorily-based method where we use a sound-level meter as a sensor. Because of its simplicity and handiness, the auditory method has been prevalent as well as the visual method, despite the lack of direct relations with the air entrainment. Figure 1 shows the present model, that is, a simple system with a suction sump and a suction pipe, having a configuration of the vertical wet-pit pump. Here, D is an outside diameter, B a breath of the suction sump, X a back clearance which is the distance from a suction-pipe centre to a back wall, Z a bottom clearance, and H a height level.
Experimental Method

Experimental apparatus
In order to specify a dynamical state, we define the three non-dimensional kinematic governing parameters; that is, the Froude number Fr, the Reynolds number Re and the Weber number We, as follows.
g, ν, ρ and σ denote the gravitational acceralation, kinetic viscosity, fluid density and water-to-air surface tension, respectively. The mean flow velocity V b at the suction-pipe intake is defined as
where Q is the flow rate into the suction pipe. As a supplementary parameter, we use the Bond number such as
When we define governing parameters, we can consider various options in the choice of characteristic scales. In the present study, we choose D and V b as length and velocity scales, respectively (see reference (3) for the validity of these choices). In Table 1 , we summarise the present values of experimental parameters. 
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We 28 Figure 2 shows a schematic diagram of the present experimental apparatus, which is similar with those in references. (3) , (4) A turbo pump B (No. 2 in the figure) feeds working fluid (water) to a suction sump (No. 9) from a reservoir tank. We control the flow rate from the pump A by a valve, and then control the water level in the suction sump. In the upstream of the suction sump, we put a strainer (No. 10) in order to get uniform flow. A bend-type jet pumps (No. 7) pumps up water from the suction sump into a suction pipe (No. 8). Here, the jet pump has less swirling component, than ordinary pumps. The water from both the suction pipe and the jet pump falls into a container tank on a platform scale (No. 11).
In the visual method, we observe free surfaces near the suction pipe, using a camcorder with a frame rate of 60frames/sec, which is fixed downstream outside the suction sump. In the auditory method, a sound-level meter is placed near the outer wall of the suction pipe and at 0.2m above the suction-pipe intake. We have to determine an adequate threathold value for the sound-level meter, as well as the bubble sensor. The present threathold value is 1.16V 0 in the output voltage V from the sound-level meter, where V 0 denotes the output voltage when the spatially-continuous air core (see later for its definition) does not appear. The threathold value depends upon the sensor location and so on. We will discuss the threathold values of the sound-level meter and the bubble sensor, in the following subsections.
Air-entrainment-occurrence judgment by the visual method
The visual method is the most common method to judge the air-entrainment occurrence. However, due to ambiguous definitions of the air-entrainment occurrence, there has existed some confusion among researchers. (The main reason for the confusion, of course, comes from the lack of direct relations with the air entrainment itself.) In the present study, the judgment of the air-entrainment occurrence by the visual method are given by the following manner, which is the same as reference, (3) one of the conventional manners.
(2) When we observe any spatially-continuous air cores from a free surface to a suction-pipe intake, namely, any underwater air bulks accompanied with so-called "the fully-developed entraining vortices" even at a short instant, we recognise the air-entrainment occurrence (see Fig. 3(a) ). On the other hand, when we observe some spatially-intermittent air cores, namely, some underwater air bulks accompanied with so-called "the intermittently-developed entraining vortices," we do not recognise the air-entrainment occurrence (see Fig. 3(b) ).
Definition of critical submergence S c
We often use a critical submergence S c as a prime indicator for the air entrainment. The definition of S c is as follows. When the submergence depth S (see Fig.1 ) decreases from a sufficiently large value to zero, we can first observe the spatially-continuous air cores at S = S c . In the present experiments, we gradually decrease S with a step of 0.005m. At each step, we search for the spatially-continuous air cores during 300sec. In most cases, duration times of the air entrainment are much shorter than 300sec. Of course, the appearance of the spatially-continuous air cores does not mean the air-entrainment occurrence, exactly. (a) Spatially-continuous air core from free surface to a pipe intake (b) Spatially-intermittent air core from free surface to a pipe intake Incidentally, such a judgment manner is more objective and keeps a good reproductivity which has been confirmed in many preparatory experiments, although it lacks a thoroughly-theoretical background. (In fact, we have also confirmed that the results obtained with much longer sampling times than 300sec almost coincide with the present results.) The present judgment manner is the same as reference. (3) Even if we use a somewhat-deferent judgment manner from the present one, the obtained results are considered to be qualitatively identical with the present results (also see reference (3) ).
Bubble sensor
For an accurate detection of the air entrainment into the suction pipe, we develop a bubble sensor. The bubble sensor utilises the same principle as the conductance-type void-ratio meters (for example, see reference (5) ); namely, it measures the electrical resistance which increases with increasing air volume inside the suction pipe. So, we can instantaneously know the occurrence of the air entrainment by means of monitoring the output voltage. By the bubble sensor, we cannot get such an accurate void ratio as measured by void-ratio meters. However, as the bubble sensor is designed only for the detection of the air entrainment, it has some advantages as follows. (1) The bubble sensor and its supporting facilities are very simple. (2) The sensor probe does not disturb flow. (3) The bubble sensor has the potential to detect small bubbles by adequate tunings. (Of course, some of the above advantages are seen in some void-ratio meters.) As will be shown later, using an appropriate threathold value, we can judge the air-entrainment occurrence, stably, directly and practically. Supplementary, we now give a brief survey on void-ratio meters. Among various void-ratio meters, a conductance-type one is based on the conductance-variation method, which is similar to the present bubble sensor. A comprehensive review on the conductance-type void-ratio meter is written by Hewitt. (5) As an impressed voltage, we may regard either the direct current or the alternating current. In the former, we should take care of the electrolysis at electrodes and the provision against electrical leaks. In the latter, we should carefully choose the alternating-current frequency. Depending upon the frequency, the latter is classified into the conductance method and the susceptance method (= the capacitance method). (6) The electrode-probe method (7) - (10) is one of the conductance methods. This method has such disadvantages as both the disturbance by the probe and the restriction on the detective range of the air-bubble position. Concerning the other conductance methods except for the electrode-probe method, there exist two categories. In one category, electrodes are flush-mounted on solid walls. In the other category, wire-shaped electrodes stick out from solid walls. (11) Especially for the former category, the plate-shaped electrodes are used for local measurements. (12) In addition, ring-shaped electrodes are designed for spatially-mean measurements inside pipes. (13)- (20) The conductance-type void-ratio meter is suitable especially for measurements of the liquid-film thickness of the annular flow. The conductance-type void-ratio meter using ring shaped electrodes is close to the present bubble sensor. The requirements to get more precise void ratios by this void-ratio meter are the following: (1) a wider spacing between electrodes, (2) a correction depending upon flow modes, (3) an electrical impression of high and stable voltage over a wide space, (4) a high-impedance amplifier for the output voltage. (Note that the void ratio is strictly a spatially-averaged and time-mean physical quantity.) On the other hand, the present bubble sensor is simpler, cheaper and more reliable to detect the existence of air bubbles inside a suction pipe. Figure 4 shows a schematic diagram of the bubble sensor. Two copper ring-shaped electrodes are flush-mounted inside a suction pipe, at 0.2m downstream from the suction-pipe intake. The gap between the two electrodes is fixed to 0.002m, and we impress a constant voltage between them. If air bubbles exist between them, the conductance value changes. Then, as a real-time output corresponding to this conductance change, we measure the voltage impressed to another resistance in a bubble-sensor series circuit.
Most of the air bubbles inside the suction pipe have velocities with the same order as fluid velocity. Considering a single air bubble, we can expect its response with a 10 2 Hz order, from the gap between two electrodes and the bubble velocity. Therefore, we theoretically require a faster data-sampling rate than 10 2
Hz. However, we have actually conducted many experiments with sampling rates of a 10
1 Hz order, because we need such a long recording time as 300sec in many cases due to randomness of the present phenomenon. Fortunately, by preparatory experiments, the duration time of the air entrainment is more than approximately 1sec, when we consider the effective air entrainment as mentioned below. (Of course, especially for the cases with small γ, we have to pay attention to the reproductively of obtained γ.)
We determine the threathold value for the bubble sensor in the same way as the γ by the bubble-sensor method coincides with that by the visual method (see Section 3). To conclude, we have successfully determine it, when the air entrainment occurs frequently. Theoretically speaking, the bubble sensor can detect very small air bubbles, depending upon such conditions as the electrodes' gap, the impressed voltage and so on. (In actual, Fig. 9 will show the detectivity of air bubbles with more than 10 -3 m in diameter.) In the present study, it is not necessary to judge the existence of a small single bubble strictly, due to the following two reasons. As the first reason, we regard the impossibility to distinguish between the air bubbles entrained from a near free surface and the other air bubbles introduced upstream or cavitated. As the second reason, we regard the less periodicity by which the bubble size is in stochastic process. In fact, even when we observe not the spatially-continues air core but the spatially-intermittent air core, the air entrainment by very small air bubbles occur often and randomly. From a practical point of view related with detectivity and with actual pump performance, we should consider the minimum effective volume of the entrained air. Then, in the present study, we attempt to determine the minimum effective volume in accordance with the conventional visual method. As will be shown later, we have succeeded in obtaining 1.9V as the bubble-sensor threathold value. Incidentally speaking, the present experiments are well-controlled inside a laboratory. So, we can exclude the larger air bubbles from the upstream than the threathold-value one, by means of the experimental-apparatus refinement. Furthermore, we can control the fluid temperature against the effects upon the threathold value, and can avoid tramp materials. To make sure of the threathold value 1.9V, we have conducted simultaneous observations with a camcorder. That is, we make a single air bubble with a different diameter inside the suction pipe. Then, we check the output voltage from the bubble sensor when the single air bubble passes between the electrodes.
Definition of intermittency factor
We usually record the output voltage from the bubble sensor for 300sec. Using this raw time-series data, we calculate an intermittency factor γ. γ represents the ratio of the air-entrainment-occurrence time to the total recording time. Its definition is given by As shown in Fig. 5 , during a duration time τ i, the i-th air entrainment occurs. Here, t 0 denotes the total recording time which is equal to 300sec. And, n denotes the total number of the air-entrainment occurrence for
. Supplementarily speaking, one main reason why we consider γ is that the concerned phenomenon has a very-weak periodicity, and that γ tends to have a constant value for enough large t 0 .
Results and Discussion
Comparison on raw time-series data
Figures 6-8 show the raw time-series data measured simultaneously by the three methods; namely, the bubble-sensor method, the auditory method and the visual method. In each figure, the abscissa denotes time. The ordinate denotes the output voltage from the bubble sensor in figure (a) , the output voltage from the sound-level meter in figure (b) , or the appearance/disappearance of the spatially-continuous air core in figure (c). Although figures (a), (b) and (c) are simultaneously-measured data, the data are not perfectly synchronised with one another. For example, because the bubble sensor is located somewhat downstream from the suction-pipe intake, such a time lag as about 0.2sec is produced in comparison with the air entrainment at the suction-pipe intake. However, time scales of the abscissa of Figs. 6-8 are much longer than the time lag. Then, we make no corrections on the data, because the relatively-much-smaller time lag does not bring us any misunderstandings. Furthermore, the time lag intrinsically does not appear, when we consider the intermittency factor γ. The threathold values for the bubble sensor and the sound-level meter should be determined in advance. To begin from the conclusion, we cannot find out the perfectly-accordable values among the three methods, for all the cases tested. However, but for such exceptional cases as the air entrainment occurs rarely (for example, see Fig. 8 ), we can successfully find out the accordable threathold values among the three methods. In fact, in both Figs. 6 and 7, we have found out the well-accordable threathold values for the bubble sensor and the sound-level meter. In such situations, S/D is smaller than S c /D. So, because the air entrainment occurs frequently, the occurrence-time ratios of the spatially-continuous and spatially-intermittent air cores without the actual air entrainment are considered to become relatively small. Furthermore, the sound-pressure perturbations induced by the air entrainment are also considered to become large. Now, we temporarily focus our attention upon a single bubble in a suction pipe, in order to consider the threathold value of the bubble sensor. (Of course, it is difficult to suppose a single bubble as an approximation for actual air entrainments.) Incidentally, because the threathold value of the sound-level meter strongly depends upon its location, and its surrounding sound environments, we can hardly reveal its physical relations. On the other hand, it is easier to consider the physical relations concerning the bubble sensor. Figure 9 shows the relation between the output voltage V of the bubble sensor and the diameter φ of a single air bubble between the two electrodes. When we choose 1.9V as the threathold value, we regard the passage of a single air bubble with a diameter φ > 0.15D (= 5.7mm) as the air entrainment. (Strictly speaking, we could regard the passage of a group of air bubbles with φ < 0.15D as the air entrainment, as well.) Incidentally, as φ increases, the error on V tends to increase. This is considered to be related with the air-bubble deformation and the air-bubble eccentricity from the suction-pipe centre with a timely-random fluctuation. figure (c) . At t ≈ 10sec, the air entrainment is not detected by the bubble-sensor method, but detected by the visual method. In addition, at t ≈ 90sec, the duration time of the air entrainment measured by the bubble-sensor method is much smaller than that by the visual method. The above two discrepancies can be explained by frequent appearances of the spatially-continuous air cores without the actual air entrainments.
Outside laboratories, free surfaces may be observed by the naked eye instead of a camcorder. In such situation, the other explanation as to the discrepancies seems possible. Namely, the spatially-intermittent air cores can frequently occur at S/D ≈ S c /D. Then, observers are likely to misjudge the spatially-intermittent air cores to be the spatially-continuous air cores.
Second, we compare the bubble-sensor method in figure (a) with the auditory method in figure (b) . At t ≈ 90sec, the air entrainment is detected by the bubble-sensor method, but not by the auditory method. This can be explained by a relatively-small sound-level component of the air entrainment at S/D ≈ S c /D, where the amount of entrained air and the corresponding sound level become small. Then, the relatively-small sound related with the air entrainment tends to be drowned out by the back-ground sound noises due to a pumps operation, water flow and so on.
Intermittency factor of air entrainment
In Fig. 10 , we summarise Figs. 6-8. The ordinate and the abscissa denote the intermittency factor γ and the reduced submergence depth S/D, respectively. For all the three methods, as S/D increases, γ decreases monotonously and linearly. In addition, all the values of S/D at γ = 0, which can be obtained by extrapolations, almost coincide with S c /D, which is determined by the visual method. However, as will be shown later in Fig. 12 In Fig. 12 , the bubble-sensor method and the auditory method agree well with each other, while the visual method is much different from the two methods. We should note that the values of γ in Fig. 12 In Fig. 13, 14 and 15, we re-plot Figs.10, 11, and 12, respectively, in order to see the differences of the auditory and visual methods from the bubble-sensor method. Specifically speaking, the ordinate denotes a reduced intermittency factor γ/γ sensor instead of γ, where is normalised by the intermittency factor γ sensor by the bubble-sensor method.
In Fig. 13 , most of γ/γ sensor are approximately unity, except for those at S/D ≈ S c /D. However, at S/D ≈ S c /D, γ by the visual method is much larger, and γ by the auditory method is slightly smaller than γ sensor . These results well correspond to Figs. 6-8.
In Fig. 14 , most of γ/γ sensor are approximately unity, except for those at S/D ≈ S c /D, as well as Fig. 13 . However, at S/D ≈ S c /D, γ by the visual method is slightly larger, and γ by the auditory method is slightly smaller than γ sensor .
In Fig. 15 , γ by the visual method tends to have a larger value than γ sensor . γ by the auditory method is close to γ sensor , except at S/D ≈ S c /D where γ is slightly smaller than γ sensor . Finally, Fig. 16 shows the results only by the bubble-sensor method shown in Figs. 10-12, in order to summarise the above. For large γ where the air entrainment frequency occurs, the values of γ measured by the three methods almost coincide with one another; namely, γ/γ sensor approximately becomes unity. However, for such a smaller γ as less than 0.05, where the air entrainment rarely occurs, γ by the visual method tends to have a larger value than γ sensor . For such a lager γ as more than 0.05, all the γ/γ sensor are almost unity. On the other hand, at S/D ≈ S c /D, γ by the auditory method tends to be a little smaller than γ sensor . Supplementarily speaking, although S c /D is determined by the visual method, we can expect the determined value to be reliable. Because γ by the bubble-sensor method approaches to zero at S/D ≈ S c /D (see Figs. 10-12 ). As a result, in Table 2 , we have obtained the criteria which specify lower-accuracy conditions in the conventional auditory and visual methods. Specifically speaking, by the auditory method, the accuracy of γ becomes low, when submergence depth S of the suction pipe is close to the critical one S c . On the other hand, by the visual method, the accuracy of γ becomes low, when γ is such a small value as less than 0.05.
Incidentally, the value of S c /D determined by the visual method is considered to be reliable, when we remind the results by the bubble-sensor method (see Fig. 16 ).
At S/D ≈ S c /D, we cannot anticipate accurate measurements of γ by both the auditory and visual methods, where γ tends to have a smaller value. At S/D « S c /D, we can anticipate accurate measurements of γ by the auditory method, but cannot always anticipate accurate ones by the visual method.
Summary
Until now, we have conventionally judged the air-entrainment occurrence in suction sumps by means of the visual method or the auditory method. These conventional methods have been used prevailingly, because of their practicability and simplicity. However, because the methods inherently mean just the observation of free surfaces or the measurement of noise level, we do not strictly identify the air entrainment itself. Then, we have required accurate assessments on the methods.
In order to get accurate measurements of air entrainment in a suction sump, we heve designed a new and simple conductance-type electric bubble sensor. And, we have focused on the intermittency factor γ (namely, the occurrence-time ratio of the air entrainment), and have compared the result by the bubble sensor with those by the conventional two methods; namely, the visual and auditory ones. As a result, we have shown the criteria which specify lower-accuracy conditions in the conventional methods. 
